Extracytoplasmic Function σ factors that are stress inducible are often sequestered in 10 an inactive complex with a membrane-associated anti-σ factor. M. tuberculosis membrane-11 associated anti-σ factors have a small stable RNA gene A-like degron for targeted proteolysis. 12 Interaction between the unfoldase, ClpX, and the substrate with an accessible degron initiates 13 energy-dependent proteolysis. Four anti-σ factors with a mutation in the degron provided a set 14 of natural substrates to evaluate the influence of the degron on degradation strength in ClpX-15 substrate processivity. We note that a point mutation in the degron (XXX-Ala-Ala) leads to an 16 order of magnitude difference in the dwell time of the substrate on ClpX. Differences in 17 ClpX/anti-σ interactions were correlated with change in unfoldase activity. GFP chimeras or 18 polypeptides of identical length with the anti-σ degron also demonstrate degron-dependent 19 variation in ClpX activity. We show that degron-dependent ClpX activity leads to differences in 20 anti-σ factor degradation thereby regulating the release of free σ from the σ/anti-σ complex. M. 21 2 tuberculosis ClpX activity thus influences changes in gene expression by modulating the cellular 22 abundance of ECF σ factors. 23 Importance: The ability of Mycobacterium tuberculosis to quickly adapt to the changing 24 environmental stimuli occurs by maintaining protein homeostasis. Extra-cytoplasmic function 25 (ECF) σ factors play a significant role in coordinating the transcription profile to changes in 26 environmental conditions. Release of the σ factor from the anti-σ is governed by the ClpXP2P1 27 assembly. M. tuberculosis ECF anti-σ factors have a ssrA-like degron for targeted degradation. 28 A point mutation in the degron leads to differences in ClpX mediated proteolysis and affects the 29 cellular abundance of ECF σ-factors. ClpX activity thus synchronizes changes in gene 30 expression with environmental stimuli affecting M. tuberculosis physiology. 31 Introduction 34 Mycobacterium tuberculosis encounters diverse host microenvironments including 35 acidification of phagosomes, nitrogen intermediates, reactive oxygen species, nutrient starvation, 36 DNA damage, phosphate deprivation and hypoxia (1). Extracytoplasmic Function (ECF) σ 37 factors are non-essential and stress inducible and they contribute significantly to bacterial 38 survival alongside one-and two-component systems (2). M. tuberculosis has ten ECF σ factors-39 of which four are localized in an inactive complex with membrane associated anti-σ factors (3,
Role of the N-terminal domain of M. tuberculosis ClpX in substrate recruitment
Next, we evaluated the role of the N-terminal domain in stabilizing ClpX-substrate interactions. 181 Towards this ATPase assays were performed with full-length ClpX and the N-terminal deletion 182 construct of ClpX (ΔNClpX). GFP-degron chimeras were used as substrates in these 183 experiments. The deletion of the N-terminal domain does not substantially affect ATPase 184 activity (which is ~1.2µM/min/µg, lower than full length ClpX ~1.4 µM/min/µg). While ClpX 185 activity with the full-length enzyme showed a clear degron-dependent gradation-highest in the 186 case of GFP VAA (mimicking σ D /RsdA) and lowest for GFP AAA (mimicking σ L /RslA), changes in 187 specific activity of ΔNClpX were less pronounced ( Figure 4D , Table 3 -4) . The unfoldase 188 activity of ΔNClpX was also monitored for GFP-ssrA chimeras and compared with the activity 189 of full-length ClpX. Consistent with previous observations, the unfoldase activity of ΔNClpX 190 was less than ClpX while the degron dependence (GFP VAA unfolded faster than GFP GAA or 191 GFP AAA ) remained unaltered ( Figure 4C , Table A1 ). To determine whether deletion of the N- 192 terminal domain of ClpX affected the binding affinity with the GFP-degron substrate, we 193 performed SPR experiments with the ΔNClpX construct. There was a two-fold decrease in the 194 binding affinity of substrates to ΔNClpX when compared to full-length ClpX ( Figure A4 , Table   195 A2). Despite the lower binding affinity for substrate proteins, the ΔNClpX construct retained 196 degron-dependent gradation-highest in the presence of GFP VAA and lowest for GFP AAA . 197 ATP binding was shown to stabilise the ClpX hexamer (10) . An interesting observation 198 from these experiments is that ClpX substrate interactions can occur in the absence of 199 nucleotides. Since this observation stands out from the E. coli ClpX system and that the 200 possibility of the ΔNClpX construct being more unstable than the full-length ClpX persists, we 201 experimentally evaluated the binding affinity of GFP VAA for both ClpX and ΔNClpX in the 202 presence of ATP ( Figure A5 ). Although addition of ATP improved substrate binding for both 203 ClpX and ΔNClpX constructs, ΔNClpX bound substrates with lower affinity when compared to 204 full-length ClpX ( Figure A5 , Table A3 ). The N-terminal domain thus influences binding affinity 205 and the residence time of substrate proteins on ClpX. 207 Under diverse stress conditions, proteolytic degradation of an anti-σ factor releases a free 208 ECF σ factor to bind to the RNA polymerase and initiate transcription. In the case of the E. coli 209 anti-σ factor RseA, apart from ClpX, other cellular proteases like ClpAP, Lon and FtsH were 210 shown to mediate proteolytic degradation (7) . M. tuberculosis has three Clp-unfoldases-ClpX, 211 ClpC1 and ClpB. In the case of the cytosolic M. tuberculosis σ E /RseA complex, phosphorylated 212 RseA was shown to be a target for proteolytic processing by the ClpC1P2P1 assembly (31) .
206

ClpX links proteostasis with transcription
213
ClpB was shown to be primarily involved in the prevention of heat induced aggregation and 214 refolding of denatured proteins (32) (33) (34) . Homologues of the E. coli Lon and HslUV proteases 215 are absent in M. tuberculosis (35, 36) . In the light of these observations, M. tuberculosis ClpC1 216 appeared to be the other likely unfoldase that could participate in anti-σ factor degradation.
217
Experiments performed with freshly purified M. tuberculosis ClpXP2P1 and ClpC1P2P1 218 complexes reveal that σ D /RsdA is proteolysed specifically by the ClpXP2P1 and not by the 219 ClpC1P2P1 complex ( Figure 5A ).
220
To evaluate if expression levels of clpX and the anti-σ factor genes were correlated, gene 221 expression microarray datasets from different experimental conditions like hypoxia, stationary 222 phase, oxidative stress and presence of Vitamin C were examined (compiled in Table 5 ). While regulon express in the stationary phase (37, 38) . The oxidative stress response involves both σ K 225 and σ L as these ECF σ factors together respond to redox stress stimuli (27, 28) . The genes 226 encoding for each M. tuberculosis σ and anti-σ factor pairs examined in this study lie in the same 227 operon, and are positively regulated by the cognate σ factor. Despite multiple other factors that 228 could influence gene expression, we note a correlation between the expression level of clpX and 229 anti-σ factor genes in specific environmental conditions ( Table 5 ). This finding was further 230 evaluated in an experiment wherein the mRNA levels of the different σ factors were monitored In an effort to evaluate down-stream effects of changes in σ factor levels, the mRNA 246 levels of representative genes from the regulons of sigD, sigM, sigK and sigL were examined by 247 qPCR in the late stationary phase (40) (41) (42) . These experiments reveal that (i) The expression of 248 all four ECF σ factors is upregulated upon ClpX induction and (ii) Upregulation of the cognate 249 regulon is less clear ( Figure 6A ). Some aspects of the non-linear response upon ClpX induction 250 can be rationalized, however. For example, while RskA and RslA share the same degron 251 sequence (AAA), the expression of sigK (and rskA) is higher than sigL (and rslA). Another 252 feature that could contribute to non-linearity is that the release of σ K from the σ K /RskA complex 253 is also governed by redox stimuli-σ K is a redox sensor allowing dissociation of RskA under 254 reducing conditions (28) . It thus appears likely that differences in the expression of the σ K 255 regulon are likely to mimic steady state levels in stationary phase, low oxygen M. tuberculosis 256 cultures (43) . Another parameter that could significantly influence this experiment is that ClpX 257 dependence is preceded by RIP-1 activity on the anti-σ factor in the Regulated Intramembrane 258 Proteolysis (RIP) pathway. RIP-1 activity is also influenced by environmental stimuli (6) .
259
Taken together, these observations suggest that ClpX activity alters intracellular ECF σ factor 260 levels in a degron-dependent manner thereby influencing the expression profile in M. 261 tuberculosis ( Figure 6B ). (49, 50) . Both these aspects depend on the cellular concentration of ECF σ's which is largely 269 regulated by a post-translational mechanism involving the release of free σ factor from an Rip1 that acts on all membrane associated anti-σ's (iii) the rate at which the anti-σ domain is 282 selectively degraded by ClpX to release the free ECF σ to initiate transcription. In the E. coli 283 RIP cascade, the proteolytic step initiated by the site-1 protease DegS is the rate limiting step 284 (T 1/2 ≤ 1 min) for RseA degradation, with the other two proteolytic events being at least three-fold 285 faster (7) . The dissociation of RseA from the membrane generates a cytosolic fragment with a 286 degron (sequence ending in VAA) (8) . The specific degradation of the cytosolic RseA by ClpXP 287 is rapid (T 1/2 ≤ 20 sec) and aided by an adaptor, SspB (7, 8 process. It is worth noting in this context that E. coli clpX and clpP are not essential (53) . On 293 the other hand, M. tuberculosis clpX, clpP1 and clpP2 are essential genes (37, 54) .
294
The ability of M. tuberculosis ClpX to bind substrates in the absence of ATP suggested 295 M. tuberculosis ClpX alternates between two different states, an observation similar to Hsp60 296 and Hsp70 chaperones (55) . E. coli ClpX has also been shown to switch between two proteases were shown to provide a mechanism to correlate ATP hydrolysis with denaturation of 303 target protein substrates (10) . ATPase assays and SPR interaction studies performed with both ClpX ring (57) . Put together, these data are consistent with an induced fit model for ClpX that 318 can be described as- The observation that ATPase activity of ΔNClpX is less than full-length ClpX agrees well with 332 the above model ( Figure 4D , Table 3 -4) .
333
The finding that the last step in the RIP proteolytic cascade involving M. tuberculosis 334 ClpX varies across substrates-fastest for RsdA and slowest for RslA-suggests significant 335 differences from the E. coli model. In E. coli, the expression of the σ E regulon in clpX and sspB 336 null mutants is reduced-suggesting a correlation between proteolysis and transcription (8) . The suggest that sigA expression is not altered at different phases of growth and exposure to stresses 341 in vitro (44, 60, 61) . However, upon ClpX overexpression, we observe differences in the levels of 342 sigA-these are lower in the stationary phase than the logarithmic phase ( Figure A8 ). σ A 343 modulates the expression of essential genes and virulence in M. tuberculosis (60) . ClpX over- ATPase assay 405 ATPase assays were performed using malachite green to calculate the specific activity of ClpX.
406
The assays were performed with 100nM ClpX and 5µM of substrate protein or 20µM of ssrA 407 peptides in buffer containing 25 Abbreviations: rsdA; anti-σ D ; rsmA: anti-σ M ; rskA: anti-σ K ; rslA: anti-σ L .
Legend: Correlation coefficients with values >0.9 are in bold. The numbers in parenthesis indicate t-values. *These correlations were compiled using microarray data (Geo accession nos.
GSE16146, GSE101048 and GSE8786). The degron at the C-terminus of the cytosolic domain is made accessible after Rip1 proteolysis (step II);
Figure legends
Rip1 activity dissociates the σ/anti-σ complex from the membrane. Table 1 .
Details of the protein constructs are described in supporting information Table A4 . 
